This paper presents alteration mineralogy of basalts from Sites U1346 and U1349 drilled during Integrated Ocean Drilling Program (IODP) Expedition 324 on Shatsky Rise oceanic plateau. These two sites are the more altered sites among the four basaltic sites drilled on the plateau and show the greatest variability in terms of alteration. X-ray diffraction (XRD) analyses were processed on nonoriented bulk rock powders and on oriented sections made after decarbonation of the <2 µm fraction of basalts, sampled at regular intervals from Holes U1346A and U1349A. These XRD analyses allow us to determine the nature and composition of clay minerals that predominantly replace primary mineralogy of the basalts and to evaluate the spatial variations in alteration conditions: lateral variations within the plateau and vertical variations within a single site. Alteration types differ between the two holes and include green alteration, brown alteration, and dark gray alteration in Hole U1346A, whereas Hole U1349A is characterized by red-brown alteration, a transition zone, and green alteration that differs significantly from that in Hole U1346A. Secondary mineral assemblages include smectites, calcite, kaolinite, illite, chlorite, zeolites, sulfides, Fe oxides (i.e., hematite), and Fe oxyhydroxides. These parageneses attest that basaltic rocks from the two sites were affected by low-to moderatetemperature alteration. Alteration at Shatsky Rise oceanic plateau is similar, although some differences occur, to that reported at oceanic plateaus (e.g., Ontong Java) and oceanic crust drilled during the Deep Sea Drilling Program and Ocean Drilling Program.
Introduction
Basaltic lavas of Shatsky Rise oceanic plateau, recovered during Integrated Ocean Drilling Program (IODP) Expedition 324, erupted during the Late Jurassic and Early Cretaceous (~145 Ma; Mahoney et al., 2005) close to the triple junction of the PacificFarallon-Izanagui lithospheric plates. Since their emplacement on the ocean floor, the basaltic rocks have undergone fluid-rock interactions, whose conditions vary laterally from one site to another and vertically within a single site. Actually, the two Sites U1347 and U1350, located at the flanks of Tamu and Ori Massifs, respectively, are only slightly altered, whereas Sites U1346 and U1349, located on the summits of Shirshov and Ori Massifs, re-spectively, show the highest degrees of alteration with significant variations in alteration types with depth (see the "Expedition 324 summary" chapter [Expedition 324 Scientists, 2010a] ). In order to precisely characterize types and conditions (temperature, redox, and water-rock ratios) of alteration of the two most altered sites, secondary mineralogy and especially the nature and characteristics of clay minerals were specifically identified by X-ray diffraction (XRD) on nonoriented bulk rock powder and on oriented sections of the decarbonated <2 µm fractions. These data complete preliminary secondary mineral characterizations made onboard by the Expedition 324 Scientific Party (Expedition 324 Scientists, 2010a).
Methods and materials
Preliminary results of IODP Expedition 324 (Expedition 324 Scientists, 2010a) reported that primary minerals of Shatsky Rise basalts at Sites U1346 and U1349 (clinopyroxene + plagioclase ± olivine + Fe-Ti oxides) were altered and mainly replaced by clays associated with abundant calcite and minor zeolites. Mineral identification was based on optical microscopy on thin sections and XRD analyses of bulk rock powder. However, precise characterization of clay minerals onboard was complex, and their names were essentially based on their color (e.g., brown clays, green clays, etc.).
The objectives of our study were thus to identify precisely the nature of clay minerals and their characteristics for a selection of samples collected at Sites U1346 and U1349. A total of 20 samples, 8 samples from Site U1346 and 12 samples from Site U1349, chosen at regular intervals within each hole and as being representative in terms of alteration, were analyzed by XRD (Table T1) (Guillaume et al., 2004; Köster, 1995) . After reducing basalt samples to a finegrained powder with a Fritsch Pulverisette equipped with an agate mill at Laboratoire Géosciences Environnement Toulouse (France), a two-step procedure was applied on all selected samples to identify clay minerals. First, XRD patterns of nonoriented bulk rock powders were obtained with a CPS 120 diffractometer (CoKα radiation at 0.178897 nm, operated at 40 kV and 25 mA; Laboratoire Géosciences Environnement Toulouse). Each XRD pattern was acquired on 1024 channels over 110°2θ and with a counting time of 15 min. Based on these patterns, the presence of clay minerals was highlighted by a broad peak at 14-15 Å (i.e., 6.6°-8.2°2θ; Fig. F1) . However, because of high concentrations of carbonate in the samples (Delacour et al., 2012) , peaks of clay minerals appear small on XRD patterns and are consequently difficult to identify precisely. Therefore, in a second step, decarbonation of the samples was applied at pH 5 (acetic acid-sodium acetate in solution to prevent alteration of clay particles), and the finest fraction (<2 µm) of each sample was separated and prepared as oriented sections. These sections were then analyzed with an INEL G3000 diffractometer (CuKα radiation at 0.15418 nm, operated at 30 kV and 40 mA with a step interval of 0.032°2θ and counting times of 3 s; Laboratoire Géo-sciences Environnement Toulouse) in the region of short angles to identify the clay minerals under airdried condition (AD), after saturation with ethylene glycol (EG), and after heating at 550°C (H). The nature of the clay minerals was determined by the position of the (001) peak (Fig. F2) . Chlorite is characterized by a peak at 14 Å on the AD, EG, and H pattern. Smectite is characterized by a peak at 15 Å on the AD pattern, which shifts to 17 Å on the EG pattern and to 10 Å on the H pattern. Kaolinite is characterized by a peak at 7 Å on the AD and EG patterns, whereas no peak is observed on the H pattern because the mineral is destroyed by heating. A peak attributed to illite at 10 Å is present on the AD, EG, and H pattern. The nature of smectite is determined using the relative position of the (060) peak on XRD patterns of the nonoriented bulk rock powders (Figs. F1, F3) .
Results
Whereas the aim of this paper is to provide new mineralogical data concerning alteration of basaltic oceanic plateau, it also reports certain preliminary data collected during Expedition 324 on alteration types at each site. For a more detailed description of alteration at each site, see the "Expedition 324 summary" chapter and the "Site U1346" and "Site U1349" chapters in this volume (Expedition 324 Scientists, 2010a Scientists, , 2010b Scientists, , 2010c .
Alteration at Site U1346
Preliminary investigations of basalts at Site U1346 during Expedition 324 reported three main types of alteration: (1) green alteration, (2) dark gray alteration, and (3) brown alteration (see the "Site U1346" chapter [Expedition 324 Scientists, 2010b] ), suggesting either variations in the compositions of circulating fluid and/or in conditions of fluid-rock interaction.
below seafloor [mbsf] ), which were interpreted as basement contact by Expedition 324 Scientists (Expedition 324 Scientists, 2010b) . In these two sections, fluid-rock interaction was extensive, with an alteration degree of 80%-95%, and preliminary investigations reported replacement of primary mineralogy by abundant clays, especially smectites, and calcite. The occurrence of calcite is confirmed by our XRD analyses on bulk rock powder (Fig. F4) ; however, these spectra, together with those of oriented sections, indicate the lack of smectites but the likely occurrence of celadonite with peaks at 10 and 1.517 Å (Fig. F4) . In addition, a peak at 9.0 Å attests to the occurrence of zeolite minerals, likely belonging to the heulandite series. These zeolites form euhedral crystals growing on the rim of vesicles and are associated with ball-shaped sulfides and calcite that later filled the vesicles.
Dark gray alteration
Dark gray alteration is the most common alteration affecting the basalts in Hole U1346A (Expedition 324 Scientists, 2010b) , and this alteration color is similar to the normal color of basalts. Replacement of primary minerals is low to moderately high (30%-70%), and Expedition 324 Scientists reported that clays, the main phases of alteration, were difficult to determine precisely. Our XRD analyses on bulk rock and oriented sections reveal that smectites are predominantly hectorite/stevensite (i.e., Mg-smectites) at the top of the hole (e.g., Sample 324-U1346A-6R-2, 5-10 cm [140.4 mbsf]), whereas the bottom of the hole is characterized by the occurrence of saponite/ hectorite (± stevensite) and montmorillonite (i.e., Mg-and Al-smectites; Sample 324-U1346A-12R-1, 17.5-21.5 cm [168.0 mbsf]) ( Table T1 ; Figs. F1A, F2A, F3A). Calcite is abundant in this alteration type, replacing primary minerals (olivine and pyroxene) and groundmass (Expedition 324 Scientists, 2010b) .
Brown alteration
Brown alteration is observed in several intervals in Hole U1346A (e.g., Sample 324-U1346A-10R-1, 28-31 cm [159 mbsf]) ( Table T1 ) and is superposed to the dark gray alteration (Expedition 324 Scientists, 2010b) . Basalts affected by this type of alteration are moderately altered (30%-60%), and Expedition 324 Scientists determined that secondary mineralogy is predominantly brown clays. Our XRD analyses on bulk rock and oriented sections allowed us to more precisely identify these brown clays as hectorite ± saponite ± stevensite (i.e., Mg-smectites) associated with kaolinite as indicated by a peak at 7 Å (Table  T1 ). An important calcite peak is also present on the bulk rock XRD spectra, indicating that this phase is also a predominant secondary phase in the basalts, mainly as replacement of primary minerals and groundmass.
Alteration at Site U1349
Basaltic rocks at Site U1349 were affected by extensive fluid-rock interactions with variations in temperature, fluid fluxes, and redox conditions with depth as indicated by the change in secondary mineral assemblages with depth (see the "Site U1349" chapter [Expedition 324 Scientists, 2010c] ). Three types of alteration were described by Expedition 324 Scientists, all being characterized by a predominant replacement of primary minerals by clays associated to various proportions of calcite: (1) red-brown alteration, (2) a transition zone between red-brown and green alterations, and (3) green alteration.
Red-brown alteration
Red-brown alteration moderately to extensively (50%-100%) affected basaltic rocks from the upper part of Hole U1349A from Section 324-U1349A-7R-2 through 12R-2 at 204.7 mbsf. The lower limit of this alteration zone was initially defined during Expedition 324 at the bottom of Section 12R-3, but a detailed examination of basaltic rocks and their mineralogy reveals that Section 12R-3 belongs to the transition zone between red-brown and green alteration. The main alteration phases identified by Expedition 324 Scientists and characterizing the redbrown alteration are iddingsite and calcite, which replace extensively olivine phenocrysts (Expedition 324 Scientists, 2010c) . Iddingsite is defined as a pseudomorph of olivine composed by a mixture of clay minerals, Fe oxides (principally hematite), and ferrihydrides (a hydrous ferric oxyhydroxide). Expedition 324 Scientists reported that, based on XRD data, clay minerals forming iddingsite are mainly saponite and montmorillonite. The occurrence of montmorillonite is confirmed by XRD data on bulk rock and oriented sections, which also allow the determination of nontronite (a Fe-smectite) ( Table T1) . However, saponite was not clearly identified on our XRD spectra. It is noteworthy to mention that no smectite or clay mineral could be identified on XRD spectra of bulk rock powder and oriented sections of three basalt samples (324-U1349A-7R-3, 100-104 cm [168. (Table T1) , whereas iddingsite was identified petrographically in thin sections. The only secondary mineral phase that could be identified on these XRD spectra was calcite (Fig. F5) . Plagioclase microliths are also significantly altered, and alteration to brown clays and/or a K-rich phase (i.e., sanidine) was reported (Expedition 324 Scientists, 2010c) . Our XRD analyses did not allow identifying the presence of sanidine in the rocks, but illite, a Krich clay, was identified and most likely replaces plagioclase microliths. Occurrence of illite is consistent with the high bulk rock K contents measured in these basalts affected by red-brown alteration.
Transition zone
The transition zone defines the alteration type that affected basaltic rocks of Hole U1349A between the red-brown alteration above and the green alteration below (from Section 324-U1349A-12R-3 through 14R-3; 225.4 mbsf). Basaltic rocks in this zone are moderately to strongly (50%-100%) altered, and secondary minerals replacing clinopyroxene and plagioclase were mainly identified as clays by Expedition 324 Scientists, whereas iddingsite, saponite, and calcite were determined as secondary minerals replacing olivine phenocrysts (Expedition 324 Scientists, 2010c) . Our XRD analyses on bulk rock powder and oriented sections indicate that saponite, hectorite, and/or stevensite are present as secondary minerals in all samples and allow determining occurrences of montmorillonite or nontronite, depending on the basalt samples (Table T1 ; Figs. F1B, F2B, F3B ). These smectites likely replace primary Fe-Mg silicates, olivine, and clinopyroxene, which shows a higher degree of alteration in this transition zone than in the red-brown alteration above (Expedition 324 Scientists, 2010a). Two other clay minerals were identified as secondary minerals: kaolinite, present in all samples, and illite, occurring only in basalt samples at the bottom of the transition zone (e.g., Sample 324-U1349A-14R-3, 5-9 cm; 224.0 mbsf) ( Table T1 ; Figs.  F1B, F2B ). In addition, two other minerals, chlorite and calcite, complete the secondary mineral assemblages in almost all basaltic samples of the transition zone. Finally, Expedition 324 Scientists reported the occurrence of zeolites in this transition zone as replacement of groundmass glass or as filling veins (Expedition 324 Scientists, 2010c) . A peak at 6.5 Å on bulk rock XRD patterns confirms that zeolites, likely natrolite or mesolite, are present as secondary minerals in basaltic rocks (Fig. F1B) . However, their occurrences are not only restricted to the transition zone, as the peak is observable on XRD spectra of all basalt samples analyzed in Hole U1349A.
Green alteration
Green alteration is only present at the bottom of Hole U1349A and led to high to complete (70%-100%) replacement of primary mineralogy of basaltic breccias to green clays. Expedition 324 Scientists reported replacement of clinopyroxene and plagioclase by brown clays, whereas olivines are replaced by saponite and calcite (Expedition 324 Scientists, 2010c) . Our XRD analyses on bulk rock and oriented sections confirm the occurrences of saponite and hectorite in all samples, which are associated with montmorillonite at the bottom of the hole (e.g., Sample 324-U1349A-15R-6, 18-24 cm; 238.1 mbsf) ( Table T1 ). Similar to the transition zone, kaolinite and chlorite ± calcite complete the secondary mineral assemblages. Basaltic breccias are cemented by calcite and green clays, saponite, and nontronite (Expedition 324 Scientists, 2010a).
Summary and discussion on alteration at Shatsky Rise
Basaltic rocks in Holes U1346A and U1349A have undergone low-to moderate-temperature alteration with moderate to complete replacement of primary mineralogy (pyroxene, plagioclase, olivine, and Fe-Ti oxides) and glassy mesostasis. Clay minerals together with calcite are the most abundant secondary minerals. Chlorite, zeolites, sulfides, Fe oxides, and Fe oxyhydroxides are less abundant. XRD analyses on nonoriented bulk rock powders and on oriented sections allow us to precisely identify the nature of these clay minerals (Table T1) . Various Mg-, Al-, and Fe-smectites, including saponite, hectorite, stevensite, montmorillonite, and nontronite, were identified in almost all basalt samples of the two holes. In addition, celadonite, kaolinite, illite, and smectite/chlorite mixed layers were also determined in basalts (Table  T1) . We compare the clay minerals identified in the basaltic rocks of Holes U1346A and U1349A to other well-studied portions of oceanic crust and other oceanic plateaus (Alt and Honnorez, 1984; Alt, 1995 Alt, , 1999 Honnorez, 2003; Bannerjee and Honnorez, 2004) .
Alteration types affecting Shatsky Rise basalts at the summit of Shirshov and Ori Massifs are distinguished by typical secondary mineral assemblages, which reflect variable conditions of fluid-rock interactions. In the upper part of Hole U1346A, green alteration forms alteration halos, which are characterized by celadonite and zeolite of the heulandite series. Heulandite was reported in altered basalts of Iceland as a result of low-temperature (<100°C) fluid circulation (Kristmannsdottir, 1979) . Celadonite is commonly described in vesicles and as main secondary phyllosilicates in black halos and is interpreted to result from initial alteration of young basaltic rocks (Laverne, 1987; Alt, 1999) . However, black and dusky green halos composed of celadonite and Fe oxyhydroxides were also reported in 120 m.y. old basalts of Ontong Java Plateau (Bannerjee and Honnorez, 2004) . Secondary minerals of the green alteration at the top of Hole U1346A may thus suggest interaction of the basalts with low-temperature (<60°C) seawater-derived fluids in the 1 or 2 m.y. after their emplacement (Böhlke et al., 1980; Honnorez, 1981; Laverne, 1987) . Downhole, alteration type changes to dark gray alteration with various intervals of brown alteration. The dark gray alteration is mainly composed of Mg-smectites (saponite, hectorite, and stevensite) ± Al-smectites (montmorillonite), and variable amounts of calcite. This mineral assemblage was also reported as an alteration product of basalts from Ontong Java Plateau (Bannerjee and Honnorez, 2004) . Saponite is commonly described as a phyllosilicate resulting from long-term, low-temperature (10°-50°C) alteration (Alt, 1999) . Brown alteration is superimposed on dark gray alteration and comprises significant intervals (up to 2.7 m long) of altered basalts characterized by hectorite ± saponite ± stevensite, kaolinite, and calcite as secondary minerals (Table T1) . Kaolinite has never been described as an alteration product of oceanic basaltic rocks and is more commonly reported as resulting from weathering of feldspar or in sediment-hosted hydrothermal systems. No evidence of sediment in veins or vesicles was observed or reported in basalts affected by the brown alteration, suggesting that kaolinite may likely result from alteration of feldspar.
Similar to basalts in Hole U1346A, basalts in Hole U1349A are composed of various mineral assemblages, which define three types of alteration and suggest variable conditions of fluid-rock interactions. Red-brown alteration, affecting the basalts at the top of the hole, is characterized by an assemblage composed of iddingsite (Fe-smectites and hematite), illite, and calcite. Iddingsite, completely replacing olivine, suggests extensive interaction with fluids under low-temperature and oxidizing conditions. Iddingsite is commonly described as an alteration product of olivine in extrusive or subvolcanic rocks, suggesting that alteration of the upper part of Hole U1349A may have been subaerial (Expedition 324 Scientists, 2010a) . The Shatsky Rise oceanic plateau is the only site of the ocean floor where iddingsite has been reported. Illite, a K-rich clay, has likewise never been described as an alteration product of oceanic basalts, illite being rather reported as a secondary mineral in more felsic rocks affected by hydrothermal circulation (Liou et al., 1985) . As felsic rocks were not recovered at Shatsky Rise, occurrence of illite may be related to 1. Alteration of feldspar by K-rich seawater-derived fluid, 2. Contamination by overlying sedimentary rocks, or 3. Low-grade metamorphic processes affecting previously formed smectites. Downhole, the secondary mineralogy changes drastically in the transition zone, with predominance of smectites (saponite, hectorite, stevensite, montmorillonite, and nontronite) associated with kaolinite, chlorite, calcite, and variable amounts of illite. Presence of smectite/chlorite mixed layers is supposed as indicated by XRD data (Fig. F2B ) and was previously described as an alteration product of the volcanic section of Deep Sea Drilling Project Hole 504B (Alt et al., 1986) . Occurrence of chlorite and/or smectite/ chlorite mixed layers suggests a higher temperature (>100°C) of fluid-rock interaction under more reducing conditions and restricted fluid circulation (Alt, 1999) . At the bottom of the hole, green alteration affecting the basalts is characterized by a secondary mineral assemblage composed of smectites (saponite, hectorite, and montmorillonite), kaolinite, and chlorite with variable amounts of calcite. Similar to the alteration assemblage of the transition zone, this secondary mineral assemblage attests to higher temperature conditions of alteration. Kaolinite in the transition and green alteration zones may be related, as in the brown alteration of Hole U1346A, to alteration of feldspar. Nevertheless, green alteration affects mainly basaltic breccias, which are cemented by clays and calcite, suggesting that sediment may also compose the cement between basaltic clasts, therefore explaining the occurrence of kaolinite in these samples.
It is worth pointing out significant abundances in carbonates and zeolites in basalts throughout the two holes, involving extensive circulation of alkaline fluids since emplacement of the plateau at Early Cretaceous times.
In conclusion, the various alteration types described at Shatsky Rise indicate that fluids of variable compositions circulated within the oceanic plateau and that fluid-rock interactions occurred under various temperature and redox conditions, depending on the structural levels of the basaltic lava flows. Figure F1 . X-ray diffraction patterns obtained on nonoriented bulk rock powder of two basaltic samples, Sites U1346 and U1349. Nonattributed peaks correspond mainly to primary minerals (i.e., feldspar). Dashed-line areas of (060) smectite peaks are shown in detail in Figure F3 . A. Broad peak at 12.5-15 Å and small peak at 7 Å correspond to occurrences of smectites and kaolinite, respectively. Numerous indicated peaks show that calcite is also present in this sample, and a small peak at 6.5 Å likely indicates zeolites. B. Broad peak at 12.5-15 Å and moderate peak at 7 Å correspond to occurrences of smectites and kaolinite, respectively. Similar to the sample in A, numerous indicated peaks correspond to calcite and a small peak at 6.5 Å likely indicates zeolites. Figure F2 . X-ray diffraction oriented patterns of the <2 µm fraction of two decarbonated basaltic samples, Sites U1346 and U1349. AD = air-dried condition, EG = saturated with ethylene glycol, H = heated at 550°C for 2 h. A. Peaks at 17, 15, and 10 Å on the EG, AD, and H spectra, respectively, indicate smectites. The peak at 10 Å on the H spectrum cannot indicate illite occurrence because of the lack of peaks in the AD and EG spectra. B. Peaks indicate kaolinite (peaks at 7 Å on the AD and EG spectra and no peak on the H spectrum), smectites, and chlorite or an interstratified smectite-chlorite. Peaks between 14 and 15 Å on the AD spectrum indicate an interstratified smectite-chlorite, whereas peaks at 14 and 10 Å on the H spectrum indicate chlorite and smectites, respectively. Peaks at ~4.8 Å (18.5°2θ) are replicates. Figure F3 . Detail of X-ray diffraction patterns of (060) smectite peaks in Figure F1 , Sites U1346 and U1349. Figure F4 . X-ray diffraction pattern obtained on nonoriented bulk rock powder, Hole U1346A. No peak characteristic of smectites is observed in the 12.5-15 Å area. Dashed-line area corresponds to the relative position of (010) peaks of clay minerals. Small peaks at 10 and 1.517 Å indicate celadonite, and a small peak at 9 Å indicates zeolite (e.g., heulandite series). Nonattributed peaks correspond mainly to primary minerals (i.e., feldspar). Figure F5 . X-ray diffraction pattern obtained on nonoriented bulk rock powder, Hole U1349A. Pattern shows the lack of clays (usually observed in the dashed-line area) in this sample, whereas iddingsite was evidenced petrographically in thin section. Two small peaks are visible at 7 and 6.5 Å that may correspond to kaolinite and zeolites. Numerous calcite peaks are indicated and nonattributed peaks correspond mainly to primary minerals (i.e., feldspar). Table T1 . Secondary mineral assemblages of selected basalt samples, Holes U1346A and U1349A. * = no clay mineral could be identified either on bulk rock or oriented section XRD. † = sample is only slightly affected by alteration and a description of alteration better corresponds to transition zone alteration rather than red-brown alteration as initially described during IODP Expedition 324 (Expedition 324 Scientists, 2010a). 
